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INTRODUCTION

Since 1980, Bituminous Coal Research, Inc., (BCR) has been conducting measure-
ments on the viscosity of western U. S. low-rank coal slags under a contract with
the Grand Forks Energy Technology Center (GFETC), U.'S. Department of Energy. This
work has been motivated by the realization that 1) very few data exist in the liter-
ature on the viscosity of low-rank-coal slags; 2) published correlations relating
slag viscosity to coal ash composition were derived from work with bituminous-coal
slags, and attempts to apply them to data from low-rank coal slags generally have
been unsuccessful; and, 3) from a practical standpoint, data on slag rheology are of
considerable interest in support of the operation of a slagging fixed-bed lignite
gasifier at GFETC. As a matter of related interest, BCR's slag viscometer was
originally put into operation in 1976 to obtain data on the slagging properties of
coals intended for use in the BI-GAS coal gasification pilot plant at Homer City,
Pennsylvania; the BI-GAS process incorporates an entrained-bed, slagging gasifier,

Although the data obtained in these studies have been valuable in interpreting
the slagging phenomena observed in the Grand Forks gasifier tests, a more fundamen-
tal objective of the current work is to develop correlations that can be used to
predict a priori the viscosity behavior of low-rank-coal slags from a knowledge of
the ash or slag composition.

EXPERIMENTAL

The slag-viscosity apparatus was assembled for BCR by Theta Industries, Inc.
It includes a Lindberg furnace with globar heating elements of silicon carbide,
rated for operation at temperatures up to 2732 F (1500 C). The rotating bob viscom-
eter is a Haake RV-2 Rotovisco unit with a DMK 50/500 dual measuring head, which
allows adjustment of torque by a factor of 10 (i.e., ranges of 0 to 50 and O to
500g-cm) .* The torque on the viscometer bob twists a spiral spring inside the meas-
uring head; the angular displacement of the spring is proportional to shear stress,
and is converted to an electrical signal that is plotted on an X-Y recorder as a
function of the rotational speed of the bob (shear rate). A microprocessor has been
incorporated into the original system to provide automatic temperature programming
at the rate of about 1°F/min, and stepwise bob rotation from 0 to 64 rpm in incre-
ments of & rpm.

To simulate conditions existing in the slagging coal gasifier, all tests are
carried out in a reducing atmosphere consisting of 20 percent hydrogen and
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80 percent nitrogen. The gas mixture is injected into the furnace at a flow rate of
500 cc/min through an alumina tube that extends to within 1 inch of the top of the
sample crucible,

Although a platinum/rhodium bob was employed initially, some problems were
encountered with attack on the bob by molten iron in the slag. 1In all of the tests
discussed herein, the bob was fabricated from 1/2-inch molybdenum bar stock; the bob
is approximately l-inch long with a 30°-angle taper machined on both ends. The top
of the bob terminates in a 5/8-inch long, 1/4~inch-diameter shaft which is drilled
and tapped to accommodate a 1/8-inch- diameter x 16.5-inch long molybdenum stem.
The bob stem is covered by a tubular alumina sleeve to minimize erosion duriang a
test, As originally designed, the viscometer incorporated a universal joint in the
measuring head shaft and a Jacobs-type chuck to hold the bob stem., However, this
arrangement allowed too much lateral motioa of the ‘bob in the slag, and the bob is
now attached to the measuring head by a rigid shaft containing three set screws to
hold the stem. During a viscosity test, the bob is immersed until the slag just
covers its top; the position of the bob can be determined accurately using a depth
gauge attached to the measuring head.

In the earlier tests, the slag was melted in crucibles of vitreous carbon,
1-1/4-in. I.D. x 1-3/8-in. high (Atomergic Chemetals Co.). The carbon sample cruci-
ble was contained in a larger alumina guard crucible (1-7/8-in. I.D. x 6-in. high)
and the annular space between the two crucibles was packed with 60-mesh alundum.

The use of carbon crucibles was somewhat influenced by the observation that slag
from the gasifier frequently contained particles of devolatilized coal (char), which
might be involved in reactions with the molten slag. It soon became evident that
iron oxides in the slag were being reduced by reaction with the carbon crucible, as
small pools of molten iron invariably settled from the slag during the carboa-
crucible tests. With certain coal ashes coantaining comparatively high amounts of
Fe03, destruction of the carbon crucible was so severe that the portion in contact
with the slag virtually disappeared during the viscosity test. Consequently, the
carbon crucibles were eventually replaced with high-purity alumina crucibles
(McDanel Refractory Co.) of the same dimensions.

Since the alumina crucibles were put into use, metallic iron has only rarely
been observed in the slag; if formed at all, the iron usually tends to cling to the
top of the bob at the gas/liquid interface. On the other hand, varying degrees of
attack on the alumina crucible by the slag have been observed. Generally, dissolu-
tion of Al 03 by the slag has been slight, but in a few cases noticeable thinaing of
the crucible walls has occurred. In addition, with the low-form alumina crucibles,
there was a tendency for the slag to overflow the sample crucible and seep into the
alundum packing. In a few cases, the slag managed to seep beneath the sample cruci-
ble, whereupon subsequeat outgassing of the slag actually raised and tilted the
sample crucible. To alleviate this problem, high-form (3-in. high) sample crucibles
have been employed since September, 1982,

Since measured viscosities will vary depending on the dimensions of and the
materials employed for the sample crucible and the rotating bob, measured values are
related to absolute viscosities by means of an instrument factor., In these studies,
the instrument factor was determined by tests with NBS glass viscosity standards
whose viscosities are precisely defined and similar to those of the slags over the
temperature range of interest. The instrument factor is related to viscosity by the
equation:

Viscosity = Instrument factor x torque reading : bob speed (rpm)
In preparation for a slag-viscosity test, the coal is pulverized to minus~60
mesh and ashed in B&W K-3000 insulating firebrick dishes for 3 hours at 1850 F (1010

C) in a large muffle furnace. This higher-than-normal ashing temperature was chosen
after preliminary work showed that sufficient volatiles remained in the ash prepared
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at the standard "ASTM temperature” of 1382 F (750 C)* to cause severe frothing and
foaming during the ash melting process. This difficulty is still experienced to
some extent during melting of the high-temperature ash and is believed due to decom-
position of residual sulfates and volatilization of alkali-metal oxides in the ash,
The coal ash is sieved again at 60 mesh to remove any foreign particles of fire-
brick, then compressed into pellets 5/8~inch in diameter weighing about 5 grams
each. The ash pellets are dropped, one or two at a time, into the previously heated
sample crucible through a long quartz tube; a typical coal-ash charge in the high-
form alumina crucibles is about 60 to 70 grams,

Viscosity measurements are normally commenced at the highest temperature
at which an on~gcale reading can be obtained with a bob speed of 64 rpm. The
temperature is then decreased slowly (under microprocessor control) and viscosity
measurements are taken at approximately half-hour intervals. This "cooling cycle”
is continued until the upper limit of the measuring head is approached (typically .
about 3000 poises**), then the slag is gradually reheated to observe changes in
viscosity during a "heating cycle."”

Following each test, samples of the solidified slag and high-temperature ash
are submitted to GFETC for compositional analyses by X-ray fluorescence and X-ray 14
diffraction techniques. A Kevex Model 0700 energy dispersive X-ray spectrometer is
employed for X-ray fluorescence analysis. Samples are ground to minus 60-mesh and
pressed into a pellet using either cellulose or lithium tetraborate as a binder.
The instrument is calibrated using mixtures of reagent-grade oxides, blended to
approximate the relative amounts present in the slag. X-ray diffraction measure-
ments are conducted on minus 325-mesh samples using a Philips 3600 automated X-ray
diffractometer. Compound identification is accomplished with the aid of a computer-
based index file.

The selection of low-rank coals for these studies was based to some extent on
those which had actually been tested or were candidate feedstocks for the GFETC
lignite gasifier; in addition, an effort was made to choose samples that would ;
represent a wide range of ash compositions and diverse geographical locations. The
coals selected for these viscosity studies are listed in Table 1.¥

RESULTS AND DISCUSSION

Viscosity can be defined as the resistance to flow offered by a fluid and is
customarily expressed as the ratio of shear stress to shear rate. The most
commonly encountered regime of viscous flow is termed “Newtonian" flow, in which
shear stress is a linear function of shear rate (i.e., viscosity is constant at any
given shear rate). For Newtonian substances, the dependence of viscosity (n) on

* ASTM Method D 3174-73, "Ash in the Analysis Sample of Coal and Coke."

**Throughout this paper, viscosities are given in the more familiar units of
poises; the accepted SI unit for viscosity is the Pascal-second, and the
conversion is poises x 0.1 = Pa-sec.

# In view of the considerable within-seam or within-mine variability of low rank

coals, it should be understood that these coal samples are not necessarily
representative of the total production of a particular mine.
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temperature (T) is exponential, such that a plot of log n vs. T yields a straight
line.* Three other regimes of non-Newtonian behavior are less commonly encountered:

l. Pseudoplastic - viscosity decreases with increasing shear
rates.

2. Plastic - viscosity decreases with increasing shear rates following
the appearance of an initial yield stress.

TABLE 1. SAMPLES SELECTED FOR LOW-RANK COAL VISCOSITY STUDIES

Sample Rank Location (State)

1. 1Indian Head. Lignite North Dakota
2. Gascoyne Lignite North Dakota
3. Baukol-Noonan Lignite North Dakota
4. Beulah Lignite North Dakota
5. Colstrip Sub-bituminous Montana
6. Decker Sub-bituminous Montana

7 Sarpy Creek Sub-~bituminous Mont ana

8 Naughton Sub-bituminous Montana
9. Big Horn Sub-bituminous Wyoming
10. Kemmerer Sub-bituminous Wyoming
11. Black Butte Sub-bituminous Wyoming
12. Emery Bituminous (low rank) Colorado
13. Rockdale Lignite Texas
14. Martin Lake Lignite Texas
15. Big Brown Lignite Texas
16. Atlantic Richfield Lignite Texas
17. Buras & McDonnell ’ Lignite Al abama

3. Thixotropic ~ viscosity decreases with increasing shear rates and with
the duration of the applied shear stress.

1n each of these cases, the viscosity varies with shear rate and/or with the
period of shear, and the ratio of shear stress to shear rate is customarily desig-
nated as "apparent viscosity.”

Plots of log n vs., T (°F) for three representative low-rank coal slags are
shown in Figure 1. Curve A for the Black Butte sample illustrates the behavior of a

* From purely physico-chemical considerations, log N is proportional to 1/T
where T is in °K. 1In practice, however, it is often more convenient to plot
log n directly vs. temperature in °C, or (as in these studies where engineering
sonventions were employed in the design and operation of the coal gasifier) in
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glassy, siliceous-type slag that exhibits Newtonian properties over a wide tempera-
ture range. In addition, the viscosity behavior is reversible in that viscosities
measured during reheating of the slag (solid circles) are essentially the same as
those determined during the cooling cycle. The type of behavior represented by
Curves B and C is more commonly observed for low-rank coal slags; log n is a linear
function of temperature down to some point, designated as the temperature of criti-
cal viscosity, T (as shown for Curve B). Below T , the viscosity can increase
quite abruptly (Curve B), or the increase may be somewhat more gradual (Curve C).
Moreover, a "hysteresis" effect appears in the viscosity/temperature curve as the
slag is reheated. This phenomenon is supposedly related to the slow redissolution
of crystals, formed on cooling the slag below T .(1) In theory, the viscosity of
the slag on reheating should eventually return to the linear portion of the curve
representing the fully liquid condition. However, as shown by Figure 1, this is not
necessarily achieved experimentally, and the extent of the deviation is believed to
be due to small compositional changes occurring in the melt during the viscosity
determination (to be discussed later). Curve C in Figure 1 includes data points for
two separate viscosity tests with Baukol-Noonan, approximately 6 months apart. As
shown, the repeatability for the cooling curve is quite good; on the other hand,
there is a marked difference in the two curves obtained on reheating the slags, and
subsequent analytical data showed subtle differences in the compositions of the
slags from the two tests,

The straight-line portion of the viscosity/temperature curve is traditionally
designated as the "Newtonian'" region of slag behavior, while the area below Toy?
where solid species are crystallizing from the melt, is designated as the "plastic"
region. Strictly speaking, a slag can retain Newtonian properties below T , and
transition to a non-Newtonian state can be detected only by a change in thé shape of
the shear-stress vs, shear-rate curve., As a matter of fact, most of the slags
included in this study actually did show pseudoplastic or thixotropic behavior at
the higher viscosities,

Of the 17 coals listed in Table 1, 13 were tested in carbon crucibles and the
remaining four were tested using alumina crucibles. In addition, the carbon-
crucible test with Baukol-Noonan was repeated, and six of the coals from the carbon-
crucible tests (Big Horn, Decker, Emery, Colstrip, Rockdale, and Burns & McDonnell)
were also selected for alumina-crucible tests. Thus, a total of 24 slag-viscosity
tests provided the data discussed in this paper.

The compositions of the slags from these viscosity tests are listed in Table 2
(compositional data are normalized to 100 percent). Also included are several other
parameters that traditionally have been employed to characterize coal-ash slags. It
should be emphasized that, unless otherwise noted, all calculations discussed herein
were based on slag composition data (as opposed to ash composition data). This was
done primarily for two reasons: -

1) As previously noted, reactions with the sample crucible tended to result
in depletion of Fey03 (carbon-crucible tests) and/or enrichment in Al,03 (alumina-
crucible tests), so that in some cases the composition of the slag was significantly
different from that of the original coal ash. This effect can be seen by comparing
the slag composition data in Table 2 for the carbon- and alumina-crucible tests with
Colstrip, Decker, Big Horn, Emery, Rockdale, and Burns & McDonnell.

2) Results of an independent study, comparing high-temperature ash and slag
compositions for 18 of the 24 viscosity tests, showed that from 80 to 100 perceat of
the S03 and usually all of the Py05 (if present in the ash) were volatilized during
melting of the ash. Admittedly, P05 is a minor constituent, and losses of SO3
could be compensated for by normalizing the analytical data to a sulfur-free basis.
On the other hand, in 11 out of 15 instances (73 percent) where Naz0 was preseat in
the high-temperature ash, it was volatilized in amounts ranging from 10 to 50 per-
cent of the amount available in the ash, Since the Naz0 content of some ashes
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ranged up to 10 percent, it is probable that volatilization of this constituent
would have an effect on the slag viscosity.

The data in Table 2 illustrate the wide variability in concentrations of low-
rank-coal slag constituents. This variability is reflected further by Table 3,
where the ranges in slag compositions encountered during these studies (Table 2) are
compared with the ash composition of an "average" bituminous coal (S03-free
basis).(4) Especially noteworthy are the higher concentrations of alkaline-earth
and alkali metal oxides in the low-rank coal slags.

The experimental viscosity data from these studies are summarized in Table 4.
The two viscosity values shown for each sample, corresponding to specific melt
temperatures, are sufficient to approximate the linear (''Newtonian") portion of the
log n vs. T curve obtained during the cooling cycle, In addition, values for T
(when observable) and ash fusibility (reducing atmosphere) for the high—temperaEXre
ash (HTA) are included for comparison,

Slag Viscosity/Composition Correlations

Several attempts have been made in the past to define the linear portion of the
viscosity/temperature curve based on the composition of the coal ash. 1In the mid-
1960's, workers at the British Coal Utilization Research Association (BCURA) devel-
oped two such correlations based on work with British (bituminous) coals, now gener-
ally referred to as the Watt-Fereday(5) and "52'(3) correlations.* The Watt-Fereday
correlation is based on results of 276 determinations of slag viscosity using 113
different ash compositions prepared by blending British coal ashes. Unfortunately,
attempts to apply this correlation to low-rank coal slags, using either ash- or
slag-composition data, have been generally unsuccessful., This is illustrated by
Figure 2, in which the viscosity/temperature cooling curves for two Texas lignites,
Big Brown and Martin Lake, are plotted. The corresponding Watt-Fereday correlation
lines are based on the (750 C ASTM) ash-composition data. As indicated by Figure 2,
the ash compositions and ash fusion temperatures of these two coals are very simi-
lar. However, the viscosity predicted by the Watt-Fereday correlation for Big Brown
was higher than that observed experimentally, while for Martin Lake the Watt-Fereday
equation under-predicted the actual viscosity.

Among the possible reasons why these predictive equations fail for low-rank
coals are the following:

1. Ash constituents may fall outside the range of those in most bituminous
coals (Table 3).

2. The BCURA predictive equations are based on ash analyses. As discussed
earlier, significant losses of certain elements may occur as the ash from low-rank
coals is heated to the melting point.

3. Sulfur retention is more prevalent in low-rank coal ashes, due to the
generally higher calcium contents. Some of the slags from these viscosity studies
retained up to 2 percent S03 (Table 2), even after being heated above 2600 F
(1427 ©).

4. In lignites, some 30 to 50 percent of the ash-forming constituents can
consist of cations attached to the organic matter in ion-exchangeable form on car-
boxyl groups or as chelate complexes, rather than being present as distinct mineral-
ogical species.(6)

* Details of the viscosity/composition correlations are presented in Appendix 1l.
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TABLE 3, COMPARISON OF "AVERAGE" BITUMINOUS COAL
ASH COMPOSITION WITH LOW-RANK-COAL SLAG COMPOSITIONS

Range in : ""Average" Bituminous
Low-Rank-Coal Coal Ash

Slags from Viscosity Studies, (S03-free),

Constituent Wt. Percent* Wt. Percent
$i07 20.0 - 63.5 48.1
Al 03 13.3 - 36.7 24.9
Fe,03 0.9 - 18.9 14.9
TiO0, 0.6 - 2.3 1.1
Ca0 6.0 - 29.4 6.6
Mg0 2.5 - 8.2 1.7
Naz0 0.0 - 9.9 1.2
K20 0.1 - 2.0 1.5

* From data in Table 2.




1 3-r4 (724

0922 080¢ 000¢ ¥00S2T 069¢ %6 0LE€T - 069C TT3auuo@oR ® suing
€8T LT
ovTe 00T1¢ 0%0¢ [ TAYA 96¢ ¢ Lz GTTZ - 00%¢ PTSTIUPTY
PTIUBTIV
8%¢ S0T
0zze 09T¢ 0807 SLve 1892 .9t 0%%Z - 089¢ aTEPRO0Y
7seT (244
09¢¢ 0212 090¢ L3 YANA 8%ST 86 02T - 0¢9¢ Kasug
61T GLEE
0077 02712 080¢ suou 8897 ovT 0627 - 0692 333ng YOeTd
€T17T 686
00¢7 09T¢ 00T¢ *GLET L£9C 88 o%€T - 0%9C ECRELUE) |
Lee 6Z¢
(VA NA 00T1¢ 090¢ 0Lz L0%e £6 - G227 - 06%C uxoy 874
£6ST sLee
0zee 002¢ 00T?C auou T€LT 6L6 0652 ~- 0€L2 uojy3neN
T6%C 0z¢
(VA N4 080¢ 000¢ 06%2 L6927 9g 09%¢ - 0047 ye91) Adieg
IAAYA 687
0Z1¢ 090¢ 0z02 [ A% 97ee 0s - 0TTC - 05¢€C 19¥23q
£9%e 201
08¢ 08T¢ 00TZ (3924 LSST 6¢ 0Z¢€T - 096¢C dr13sTod
8ZT¢C 8%s
00T¢ 0707 0007 [ TARA gEvee €6 00TZ - 0%el ¢ UueuooN-Toydneq
€ETT [4: 34
00T¢ 0%0¢ 0002 ST 08%¢ 184 0607 - 08%¢C T ueuoON-TOYNNEY
[AXA4 0T
0TTZ 080¢ 0007 0812 86%T ST © G9TZ - 0TST - sufodsen
pInTd (1eo¥aoydg) UoT3IBPWIOIaq ( xo01ddy) I, ‘L sastod ‘U (@, < dwal IT?N) . a7dueg
SuTua31z08 TeTITUY do ¢A07 sInjeiodual pPo3IEoIPUl S1USWSINSESR LITSOISTA REFEER
I, ‘soinjeisdwa] uoTsnd VIH e £3TS00ST) painseay  Jo a8uey sanieiadua] 2TqTONI) uoqIE)

SAIANLS XLISODISIA IVIS TVOI-ANVE-MOT WO¥d VIVA TVINIRIYIIXE "% I14VL

183



paurzap TTem 30u A2Ly

zone e
09zt 0807 0007 »00€¢ 8697 o 0STZ - 00L2 TTPUuo(gIN
R suing
S8LT 6S
08T¢ 021z 0802 0see 0esT vz 00£Z - 0£S¢C umoxg 81g
(44X Se9
002z ovTe 00T2Z 0zee 6492 £y 0927 - 0892 e UTIIey
€662 9¢
0zze 091¢ 0807 §TST L1927 74 09wz - 0792 2Tepyo0y
79 91T
0922 0¢Te 0907 0zZve ?95¢ £s 087z - 09s2 £19ug
LLTe 687
ov1e 00T2C 0902 LT TeLZ 06 0TTZ - 06£C uioy 319
9%1¢C LET
021t 0902 0202 Y1z 9827 69 0607 - 067¢ 1a%28Q
0752 ve
08¢c 08T¢ 0012 »0L9T €592 8T 09¢€Z - 059¢ draiisTo)
08€Z ove
ozee 0%1Z 0902 #0EET 165T 8¢ 0L2T - 0992 (untpos y3ry)
yenag
80s¢ 8
0z€T 00z 00TZ #005T %6ST 8% 0s€Z - 059¢ peal uetpuj
pInTd (T®°Taayds) Uofiewaojag (‘xXo01ddy) d, ‘L sastod ‘U (1, ¢ -dwdl IT°W) a1dueg
8utuailjyos TeT3IFul d, ¢Ady aanjeiadwa] palEBOTPU] SIUSWLINSEIR LITSOISTA $5383],
I, ‘seanieiradus] UoTSNI VIH 18 £1TSODSTA Paanseay 3o 28uey aanjeaadua]l aTqroni) eutwNnly

(ponuTIu0)) SHIANIS ALISODSIA SVIS TVOD-MNVM-MOT WO¥d VIVQ TVINAWI¥AAXH °% FT1EVL

184



—

e

e —

The Watt-Fereday equation is approximately a linear equation of the form

log n = m*£(T) + ¢ (1)

where m is normally positive and ¢ is negative. Revised values for the slope (m”)
and intercept (c”) can be calculated based on the experimental data for the low-rank
coals to obtain a good fit to the Watt-Fereday equation. However, for 20 of 23 tests
(87 percent) the value of m” was larger than that predicted by the conventional
Watt-Fereday equation; similarly, absolute values of c¢” were also larger for 16 of
23 tests (70 percent). Since the intercept is negative, these two effects should
tend to offset each other, resulting in little change in the value of log n, 1In
reality, the net result tended to be a larger value for log N, such that observed
viscosities were higher than predicted viscosities in 18 of the 23 tests (78 per-
cent), Thus, these studies indicate that the viscosities of low-rank coal slags are
generally higher than those of slags derived from bituminous coals.

Attempts were made to correlate the experimental values of m” and c¢” with slag
composition data (Table 2) using multiple linear regression analysis. These at-
tempts were generally unsuccessful, although for the carbon-crucible tests, the
correlation of m” with Naj0 content was significant at the 99.5 percent confidence
level, and for the alumina-crucible tests, Nay0 was ranked second in correlations
for both m” and ¢” (even though not statistically significant). These findings
suggest that the role of Naj0 in low-rank-coal slags may be more important than
previously realized.

Other combinations of variables, including those listed in Table 2, were
employed in efforts to derive empirical correlations with slag viscosity, but again
without much success., 1In addition, the BCURA S2 correlation(3) and a modified form
of the Watt-Fereday correlation developed at the National Bureau of Standards(7)
were tested. Of the 23 viscosity tests for which slag composition data are avail-
able, the NBS correlation gave a good fit to the experimental data in only two
cases, while the 52 correlation applied in only one case., Generally, the NBS and 52
calculations gave higher viscosities than those predicted from the conventional
Watt-Fereday treatment; the $2 values were larger for 22 (96 percent) of the 23
tests, and the NBS values were larger for 19 (83 percent) of the tests. On the
other hand, all three correlations had a tendency to underestimate the slag viscos-
ity, as observed viscosities were greater than those estimated by any of the three
predictive methods in 14 (61 percent) of the tests. Consequently, we conclude that
the BCURA methods (or the NBS modification thereof) are generally unsatisfactory for
estimating the viscosities of low-rank coal slags.

More recently, two correlations have appeared in the literature that were
developed in France in studies with metallurgical (steel making) slags: the IRSID
correlation, published by Riboud et al.,(8) and the Urbain correlation.(9) These two
correlations are conceptually more appealing because:

. Unlike the BCURA correlations, which are based on the Arrhenius form of
the viscosity equation

n = A exp(E/RT), (2)
the IRSID and Urbain correlations are based on the Frenkel relation

n = AT exp(B/T) v (3)
which, according to the authors, is the preferred form.

. 11 slag constituents are included, rather than just the five major

oxides.



. Slag constituents are expressed as mole fractions instead of weight per-
centages,

. The Urbain correlation is based on the Si0y~Al,03-Ca0 pseudo ternary phase
diagram, and these three constituents usually predominate in low-rank coal slags.

However, there is a slight complication in that these correlations assume the
oxidation state of irom in the slag is known. Since this information is not cur-
rently available for the low-rank-coal slags, and because all tests were in a re-
ducing atmosphere, for computational purposes it was tentatively asaumed that all
iron was in the form of Fe0.*

Oon this basis, the IRSID correlation gave a reasonably good fit to the experi-
mental data (within 20 percent) for three of the 23 viscosity tests. Unlike the
BCURA correlations, which tended to give consistently low results, the error in the
IRSID correlation tended to be random; predicted viscosities were too high in 11
cases and too low in nine cases.

The Urbain correlation was acceptable for six tests, too high in seven in-
stances, and too low in 10 instances. Furthermore, even though the Urbain corre-
lation was unsatisfactory for 17 tests, compared with the IRSID correlation, the
predicted viscosities were closer to the actual values in 10 instances. Of all the
correlations tested (including the BCURA correlations), the Urbain correlation was
judged to give the closest agreement to the actual viscosities in seven of the 23
tests; among the remaining 16 tests, the Urbain correlation was judged second-best
for nine,

Since the Urbain method appeared to give a fair-to-good correlation for nearly
two-thirds of the viscosity tests, efforts were directed toward modifying this
procedure with the goal of optimizing the fit to the experimental data. The loga-
rithmic form of the Urbain equation is

lnn=1na+ 1lnT+ 103B/T (T in °K) (4)

where B is a parameter defined by the composition of the slag and A is a function of

B. The equation can be 'forced" to fit the experimental data by adding a fourth
term

Inn=1nA+1loT+ 103B/T + & (5)

where & is the difference (either positive or negative) between the actual and
computed (by equation 4) values of la N. Since ln N is a linear function of temper-
ature above T, 8 will also be a linear function of temperature:

& =mT (°K) + b (6)

Thus, for each slag, values for m and b can be derived from the experimental vis-
cosity data which uniquely define the linear portion of the viscosity/temperature
curve by means of equation 5. The process then becomes one of correlating the
variables m and b with some particular property of the slag.

It was found that, to a first approximation, b could be correlated with m by
means of the expression

b= -1.6870(103m) + 0.2343 7

Some very limited data from MBssbauer spectroscopy analysis indicate the
presence of ferrous silicate phases in the slags. 1In cases where metallic
iron was formed as a separate phase, it was normally removed before the
slag sample was subjected to X-ray analysis.
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with a correlation coefficieant R = ~0.988 for all 23 viscosity tests. The process
was then reduced to finding a correlation for the variable m. Unfortunately, how-
ever, although a number of such correlations were attempted based on individual slag
constituents and combinations thereof, no single correlation was found that satis-
fied the data from all the viscosity tests.

As a further refinement, the slags were subdivided into three groups based on
the magnitude of the parameter B in the Urbain equation (equation 4). The magnitude
of this parameter is related to the location of the slag composition in the
Si0,-Al203~Ca0 ternary phase diagram, and it is proportional to the silica content
of the slag. Thus, with certain borderline cases, the three subgroups correspond
roughly to "high-silica,”" "intermediate-silica,” and "low-silica” slags.

The "high-silica" group included the five tests with Naughton, Burns &
McDoanell, Black Butte, and Kemmerer (B»28), and a fair correlation (R = -0.971) was
found for m of the form

103m = -1.7264F + B8.4404 (8)

where F = 5i0,/(Ca0 + MgO + Nap0 + K,0) and slag components are in mole fractions.
With this correlation, calculated viscosities were within 10 percent (very good) of
actual viscosities for one test, within 30 percent (acceptable) for two other tests,
and within 60 percent (marginally acceptable) for the 4th of five tests. Similarly,
for the "intermediate-silica" slags (Colstrip, Rockdale, Emery, Sarpy Creek, and
Martin Lake; B = 24 to 28), an expression similar to equation 8 was found. 1In this
case, however, the correlating variable (F) appeared to be the product of the Urbain
parameter B times the sum of the mole fractions of AlL203 and Fe0. For the eight
viscosity tests in this group, the modified correlation was very good for two,
acceptable for two others, and marginally acceptable for two wore. For the "low-
silica" slags (Gascoyne, Baukol-Noonan, Indian Head, Big Horn, Decker, Atlantic
Richfield, and Beulah; B €24), the correlating variable chosen was Ca0/(Ca0 + Mg0 +
Naz0 + K30) (mole fractions), although the correlation was less satisfactory, being
very good for two tests, acceptable for two others, and marginally acceptable for
two more, out of 10 tests. The equations developed for the modified Urbain corre-
lations are summarized below, and viscosities calculated using the various correla-
tions are compared with measured viscosities in Table 5.

High-Silica Slags:

b= -1.7137(103m) + 0.0509 (R = -0.990 for 5 of 5 data points)

103m = -1.7264F + 8.4404 (R = -0.97t for 5 of 5 data points)

where F = Si0,/(Ca0 + Mg0 + Na,0 + K0), mole fractions.

Intermediate-Silica Slags:

b = -2.0356(103m) + 1.1094 (R = -0.998 for 7 of 8 data points)

)

103m = -1.3101F" + 9.9279 (R = -0.982 for 5 of 8 data points)

where F* = B(eqn. 4) x (Al,03 + Fe0)
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Low-Silica Slags:

o
u

-1.8244(10%m) + 0.9416 (R = -0.999 for 6 of 10 data points)

103m = -55.3649F"" + 37.9186 (R = ~0.970 for 7 of 10 data points)

where F°” = Ca0/(ca0 + Mg0 + Na0 + Kz0), mole fractions,

The nature of the "F" terms in the modified Urbain correlations is of interest,
Urbain categorizes the constituents of silicate melts as "glass formers" ($i0g2,
P205), "modifiers" (Ca0, Mg0, Nap0, K20) and "amphoterics" (Al,03, Fep03) which can
act either as glass formers or modifiers. The correlating term for high-silica
slags is the ratio of $i0, to modifiers, suggesting that, for these slags, the
silica content of the slag is the dominating factor. On the other hand, for low-
silica slags the correlating term is the ratio of Ca0 to modifiers, which implies
that the amount of CaQ relative to total modifiers in the slag is a critical factor.
For intermediate-silica slags, the correlating term involves the "amphoterics,”
suggesting that the role of these constituents becomes more important when the
nature of the slag cannot be well defined by its silica content.

SUMMARY AND FUTURE WORK

Data from 23 low-rank coal slag viscosity determinations have been employed in
attempts to correlate the linear portion of the log viscosity vs. temperature curve
with five published empirical correlations for silicate slags. Of these five corre-
lations, one developed by Urbain for metallurgical slags appeared to give a reason-
able fit to the experimental data for nearly two-thirds of the viscosity tests.

When the slags were subdivided into three groups, based on a parameter of the Urbain
equation that is roughly proportional to silica content, it was possible to derive
modified forms of the Urbain equation that gave acceptable correlations (within 30
percent) for 11 of the viscosity tests. Of the remaining 12 tests, the modified
correlations were marginally acceptable (within 60 percent) in five cases.

Efforts are still being made to refine these empirical correlations and, in
particular, to understand the reasons why certain slags fail to fit the correla-
tions. The ultimate objective is to interpret slag rheological behavior in terms of
specific phases present in the slag, to the extent that such phases can be identi-
fied and quantified.
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A.

Appendix 1., Slag Viscosity/Composition Correlations

Watt-Fereday Correlation
log n= [107m/(c - 150)2] + ¢

where 1 = viscosity in poises
t = temperature, °C
m = 0.00835 Si0, + 0.00601 Al ,03 - 0.109
c = 0.0415 5i0p + 0.0192 Al 03 + 0.0276 eq. Fex03
+ 0.0160 ca0 - 3.92

eq. Fey03 = Fey03 + 1.11 Fed + 1.43 Fe
where slag components are expressed in weight percentages
and, on a weight basis,

£8i0, + Al 03 + Fe 03 + Cad + Mg0 = 100%

NBS-Modified Watt-Fereday Correlation

The equation for log n and units are identical to those above, except that

m = 0.0104291 Si0, + 0.0100297 Al,03 - 0.296285

and ¢ = -0.0154148 Si0, - 0.0388047 Al ;03 - 0.016167 Fe 04
~0.0089096 Cad - 0.012932 Mg0 + 1.04678

BCURA 52 Correlation
log n = 4.468 (5/100)2 + 1.265 (10%/T) - 7.44
where n = viscosity in poises
T = temperature, °K
and § = silica ratio = 100 Si0,/(Si0, + eq. Fe 03 + Ca0 + Mg0)
(slag components expressed in weight percentages)
IRSID Correlation

n = AT exp(B/T)

or In n=1inA+ InT+ B/T
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where n = viscosity ia Pa*s (multiply by 10 to coavert to poises)

T = temperature, °K

In A= -19.8]1 + 1.73 (Cca0 + Mn0 + Mg0O + Fe0) + 5.82 CaF;
+ 7.02 (Na0 + K20) - 35.76 Al 303

and B = 31,140 - 23,896 (Ca0 + Mn0 + Mg0Q + Fe0) - 46,356 CaF;
- 39,519 (Na 0 + KQ) + 68,833 Al 03
Slag components are expressed as mole fractions; for coal ash slags, CaF2 and

Mn0 can be considered as zero.

Urbain Correlation

n = AT exp(103B/T)
or lnn=1nA+ laT+ 103B/T
where n = viscosity in poises
T = temperature, °K

In A= -(0.2693 B + 11.6725)
and B=Bg+ BN + BoN2 + B3N3

where N = mole fraction of Si0,

and Bg = 13.8 + 39.9355a - 44.049a?
B1 = 30.481 - 117.1505a + 129,9978 a?
Bz = -40.9429 + 234.0486a - 300.04a?
B3 = 60.7619 - 153.9276a + 211.1616a?

where a = Ca0/(Ca0 + Al 03)
Slag components are expressed as mole fractions. When other minor slag com-
ponents (modifiers) are present, these are included by redefining «:

a” = M/(M + Al 203)
where M represeants the modifiers as a single mole fraction and is defined as M
= L MiLi where Mi‘s are the individual mole fractions and Li is the number of
oxygen atoms in the molecule. Thus, for the slags considered in these studies

containing Ca0, Mg0, Na0, K20, Fe0, Ti0,, and (occasionally) 503,
M = Ca0 + Mg0 + Na 0 + K0 + FeO + 2 Ti0Op + 3 S03

(again, all components expressed as mole fractions),
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